Increased aridity is of global concern. Polar regions provide an opportunity to monitor changes in bioavailable water free of local anthropogenic influences. However, sophisticated proxy measures are needed. We explored the possibility of using stable carbon isotopes in segments of moss as a fine-scale proxy for past bioavailable water. Variation in δ13C with water availability was measured in three species across three peninsulas in the Windmill Islands, East Antarctica and verified using controlled chamber experiments. The δ13C from Antarctic mosses accurately recorded long-term variations in water availability in the field, regardless of location, but significant disparities in δ13C between species indicated some make more sensitive proxies. δ13CSUGAR derived from living tissues can change significantly within the span of an Antarctic season (5 weeks) in chambers, but under field conditions, slow growth means that this technique likely represents multiple seasons. δ13CCELLULOSE provides a precise and direct proxy for bioavailable water, allowing reconstructions for coastal Antarctica and potentially other cold regions over past centuries.
Our current understanding of changes to bio-available water in these regions is limited by our 1 dependence on either long-term proxy based information from ice cores (Mayewski et al., 2 2009; Matsumoto et al., 2011), or short-term, and spatially disparate, meteorological records 3 (Fig. 1) . Since bio-available water depends on a balance between a multitude of interacting 4 inputs such as precipitation (snow) and meltwater from permanent ice banks (Lucieer et Stable carbon isotopes (δ 13 C) within Antarctic bryophytes offer a potential integrated measure 10 of bio-available water as a result of RuBisCOs preferential fixation of the lighter 12 C isotope 11 during photosynthesis (Farquhar et al., 1989; Rice & Giles, 1996) . Unlike vascular plants, 12 bryophytes lack stomata and as a result cannot regulate their carbon dioxide or water uptake 13 physiologically (Rice & Giles, 1996; Williams & Flanagan, 1996; Rice, 2000). Accordingly, 14 Mosses are widely distributed in coastal regions of Antarctica and, due to the severity of 1 Antarctic conditions, have very slow growth rates relative to moss in more temperate regions 2 (<6 mm yr -1 ; Convey et al., 2014) giving their records the potential to span centuries. Mosses 3 lack vascular tissue and grow sequentially from the tip on a seasonal basis, with each new 4 section capturing and sequestering its own photosynthetic carbon. Like tree rings, each 5 section thus captures a snapshot of environmental growth conditions. Difficulties experienced 6 when using vascular plants as long-term climate proxies can be avoided when using non-7 vascular species, such as mosses. For example, δ 13 C in vascular plants is influenced by 8 different δ 13 C signatures in the various chemicals that make up the vascular system (Benner et 9 al., 1987; Robinson et al., 1993) . In addition, differential breakdown of these various 10 constituents over time further complicates interpretations; lignin breaks down more slowly 11 than polysaccharides, causing shifts in ideal candidate for the long-term study of past climate, especially in Antarctica where cold 16 conditions further preserve compounds over time (Royles et al., 2013; Roads et al., 2014) and 17 lateral transfer of depleted 13 C into mosses is unlikely due to the low levels of inorganic and 18 organic carbon in the environment (Sobek et al., 2007; Sawstrom et al., 2008) . 19 Novel advances in precision dating down intact moss shoots via the 14 A simplified version of the growth chamber experiment was repeated in Australia in 2013 but 4 run for a longer time interval (22 weeks) to explore inter-seasonal shifts in δ 13 C. All three 5 species (n=16) were collected as above, air dried to a constant mass and frozen for transport 6 back to Australia. Once rehydrated (over 24 h) samples from each species were randomly 7 allocated to one of two water treatments (dry or wet) in growth cabinets at the University of 8 Wollongong, Australia. Water treatments and chamber conditions were as described above. 9
Sample preparation 10
Samples were oven dried to a constant mass at 60°C. As atmospheric CO 2 concentrations 11 have remained relatively constant over the past 5 years (Rubino et al., 2013) where R is the ratio of mass 13 C to mass 12 C. The δ 13 C value of samples are reported relative 4 to Vienna PeeDee Belemnite (V-PDB) standards and expressed as parts 'per mil' (‰). 5
Samples were measured against a CO 2 reference gas, calibrated to IAEA-CH-6 and IAEA-6 CH-7 reference material (International Atomic Energy Agency, Vienna, Austria). A typical 7 standard deviation of δ 13 C analysis for replicate samples is ± 0.1‰. 8
Temporal changes 9
We used data from three previously dated C. purpureus cores ( 
Statistical analysis 17
The change in δ 13 C between wet and dry environments (WDδ 13 C) was calculated by 18 subtracting the mean dry δ 13 C from the mean wet δ 13 C. All data analyses were conducted in 19 the statistical program JMP (Ver. 5.1 SAS Institute Inc., U.S.). Prior to analysis, raw data 20 were tested for normality using the Shapiro-Wilks W Test, and for homogeneity of variance 21 using Cochran's C test. Transformations were performed when necessary to satisfy 22 assumptions. Data were analysed using general linear models with a two-way ANOVA or 1 ANCOVA, with environment and species as the main effects alongside their interaction term. 2 Where significant interactions were found, Tukey HSD post hoc tests were used to identify 3 significantly different means between multiple groups. Students-t tests were used for 4 comparisons between two groups. 5
Results

6
A strong relationship (R 2 = 0.98) was found between δ 13 C BULK and δ 13 C CELLULOSE in Antarctic 7
C. purpureus (Supporting Information, S1). Our work confirms that both materials are between the two (-25.2 ± 1.6‰). WDδ 13 C BULK between environments was greatest in 19 C. purpureus (2.1‰), followed by S. antarctici (1.5‰) and B. pseudotriquetrum (1.0‰). 20
The relationship between C. purpureus δ 13 C CELLULOSE and TWC (Fig. 3) , collected from 21 established wet, intermediate or dry locations within two permanent long-term monitoring 22 sites, was significant (p < 0.0007, R 2 = 0.44). 23
Controlled manipulations 1 Moss δ
13 C SUGAR revealed a significant interaction between species and environment (F 8, 54 = 2 3.51, p = 0.013) within 5 weeks of growth under the different water treatments (Fig. 4) . All 3 three species displayed δ 13 C SUGAR values that were less negative in wet than in dry 4 environments but this difference was not significant for S. antarctici. For B. pseudotriquetrum 5 the wet treatment δ 13 C SUGAR was significantly less negative than that in the intermediate 6 treatment, while in C. purpureus the intermediate treatment δ 13 C SUGAR was between, and 7 similar, to both wet and dry treatments. Intermediate and dry δ 13 C SUGAR did not show 8 significant differences for any species. When comparing species, δ 13 C SUGAR for both C. 9 purpureus and B. pseudotriquetrum were more negative than for S. antarctici. WDδ 13 C SUGAR 10 was similar for all species, ranging from 1 -1.6‰ (Table 1) . 11 Moss δ 13 C CELLULOSE also differed significantly between water treatments within 5 weeks 12 (F 8, 54 = 6.41, p = 0.0032; Fig.  6 5c). δ 13 C CELLULOSE did not vary significantly between species (Fig. 5d) . WDδ 13 C between 7 environments was again highest in C. purpureus, followed by B. pseudotriquetrum with 8 S. antarctici the least different (Table 1) . 9 δ 13 C CELLULOSE was consistently more negative than δ 13 C SUGAR in Antarctic moss, with an 10 offset of 0.9‰. The relationship between δ 13 C CELLULOSE and δ 13 C SUGAR compounds was not 11 significant after 5 weeks of growth (Fig. 6a ). Significant differences in signatures were seen 12 among species (F 5, 56 = 3.35, p = 0.04). However, δ 13 C CELLULOSE was positively correlated 13 with δ 13 C SUGAR samples after 22 weeks (R 2 = 0.6; Fig. 6b ) with no significant differences 14 among species (F 5, 39 = 1.45, p = 0.24). 15
Discussion 16 Our results demonstrate that Antarctic mosses consistently show significantly less negative 17 δ 13 C values in wet environments in the field (Fig. 2) , regardless of collection location; a result 18 confirmed in these species under laboratory conditions (Fig. 4 & 5 ). δ 13 C SUGAR in these 19 species can capture intra-seasonal shifts, but under Antarctic field conditions likely represent 20 inter-season trends. This information can now be used to accurately interpret past Antarctic 21 water trends using δ 13 C in long intact shoots of moss. 22
Inter-species δ 13 C variability 23 While δ 13 C accurately represented water environments across all study species, the δ 13 C range 1 of each species differed significantly (Fig. 2) . This highlights the need to use single species 2 when interpreting paleo-environmental information down a core or to examine the differences 3 between species prior to interpretation. For example, δ 13 C values of S. antarctici were 1‰ 4 and 1.8‰ less negative than C. purpureus and B. pseudotriquetrum under field conditions. 5
Whilst small, this difference is highly significant: shifts of 0.9‰ can underline differences 6 between wet and intermediate environments in Antarctica and shifts of 1.5‰ can depict 7 differences between wet and dry environments (c.f. Fig. 2; 3; 4 The significant δ 13 C variation between species grown under identical conditions implies that 19 there are physiological differences between the species that inherently influence δ 13 C. We 20 suggest that these differences may be controlled by either leaf morphology or plant growth 21 form. In some moss species, for example Sphagnum and C. purpureus, water- Fig. S2 ). Cell wall 7 thickness was constant across water environments in the field for C. purpureus and 8 B. pseudotriquetrum suggesting that the higher δ 13 C values displayed in wet environments 9 were independent of morphological changes. Interestingly, continual submergence has been 10 found to produce thinner boundary layers in Sphagnum species, which in turn may reduce 11 resistance to CO 2 diffusion into the cell (Rice & Schuepp, 1995). We found that S. antarctici 12 generated thinner cell walls under wet compared to dry growth conditions, implying there 13 should be greater diffusional resistance (and less negative δ to that in C. purpureus, and only different to S. antarctici (c.f. with field experiment Fig. 2) . 5
Similarly, when the experiment was extended to 22 weeks all species showed similar 6 δ 13 C CELLULOSE with only water treatments producing significantly different δ 13 C CELLULOSE . 7
These findings suggest that under natural conditions B. pseudotriquetrum's emergent growth 8 form contributes to its more negative δ 13 C signatures. 9
This inundation avoidance response by B. pseudotriquetrum means that it is a less useful 10 proxy for surrounding water conditions, despite its relatively large change in δ 13 C between 11 wet and dry environments under controlled conditions. While morphological changes in 12 S. antarctici have the potential to counteract the trend toward greater diffusional limitation 13 under inundated conditions our results show that it is still an accurate recorder of micro-site 14 water environment. Of the three species C. purpureus seems physiologically best suited to 15 capturing changes in water environments (WDδ 13 C > 3‰ in the field and after 22 weeks in 16 the laboratory) provided it is given adequate time to grow (> 5 weeks). 17
Temporal and environmental resolution 18
Variations in growth water conditions were distinguishable in significantly less negative 19 were well correlated (Fig. 6b) , which was not the case after 5 weeks (Fig. 6a) suggesting thatwhilst sugars quickly incorporated new carbon, this was not reflected fully in new wall 1 material until several months later (due to the slower dilution of old with newly formed 2 cellulose). Thus δ 13 C CELLULOSE and δ 13 C BULK provide better proxies for longer term, inter-3 seasonal changes. It should be recognized that chamber studies provide optimal conditions for 4 moss growth and do not represent the severity of the Antarctic climate. In addition to 5 changing water availability Antarctic mosses deal with fluctuating diel temperatures (from -9 6 to 30°C at the turf surface, Bramley-Alves et al., 2014), periods of freeze-thaw, highly 7 variable PAR and high UV radiation. These can all inhibit growth resulting in slow 8 accumulation of new tissue and subsequent changes in moss δ 13 C. This is illustrated in the 9 results of a reciprocal transplant field experiment, where δ 13 C SUGAR signatures were similar to 10 initial controls after five weeks (Supporting Information, S4). Field δ 13 C signatures take a 11 relatively long time to establish, due to the short Antarctic summers, and provide an overall 12 assessment of longer-term (3-5 year) water variability rather than a snapshot of wet or dry 13 periods within a season. In terms of gaining long-term information about past climate this 14 serves our purpose well. However, our research suggests that intra-seasonal shifts in growth 15 water could be assessed through δ 13 C SUGAR under less stressful conditions such as the 16 maritime Antarctic (see . 17
Our findings allow us to quantitatively assess variation in δ 13 C across temporal scales for the 18 first time (Fig. 7) . Changes in δ 13 C GRAPHITE down C. purpureus cores previously dated by 19
Clarke et al., (2012) suggested that sites in the Windmill Islands had dried over recent 20 decades, but gave no sense of the scale of these changes. Using the δ 13 C ranges established 21 for this species in Fig. 2 we can now confirm that prior to the 1970s these sites would have 22 been classified as wet-intermediate, whereas from the 1990s onward they would be classed as 23 dry-intermediate. In addition, the correlation between spot TWC and δ 13 C (Fig. 3) suggests 24 that the water availability has declined by approximately half between 1980 and 2000. Thisregional drying has been linked to changing wind patterns as a result of ozone depletion 1 (Robinson & Erickson, 2014) . 2
We propose that tracing carbon isotopes down long shoots of dated moss is a viable and 3 valuable proxy for assessing past water environments in coastal areas of Antarctica that have 4 limited climate information. However, significant disparities in δ 13 C exist among species and 5 therefore reconstructions based on multiple species should be avoided. Whilst δ 13 C SUGAR has 6 the potential to show rapid changes within a season of growth under laboratory conditions or 7 in the maritime Antarctic, δ 13 C BULK or δ 13 C CELLULOSE (especially if degradation is suspected) 8 reveal inter-seasonal changes in the field in continental Antarctica. Moss δ 13 C represents an 9 effective integrator of growth water and could resolve past histories and spatial variation over 10 large sections of Antarctica where we currently have no information -increasing our ability 11 to understand the past and present, and so to forecast the future. 
